Introduction
Photosystem II (PS II) catalyzes the light-induced reduction of plastoquinone by H 20 , the first step of the photosynthetic process in thylakoid membranes. The PS II complex consists of seven or more pro teins, several of which are integrated into the mem brane (see [1] [2] [3] for reviews). The precise func tio n^) of the individual polypeptides in PS II elec tron transport is generally unknown. Even less is known about the function of protein domains within individual polypeptides, with the exception of select regions of the D 1 protein known to be involved in binding PS II herbicides such as atrazine and diuron [2, 4] .
Recent advances in divergent research areas have opened new opportunities to link structural aspects of the PS II complex to the functional roles of indi vidual polypeptides. These include the following:
1)
The crystallization and subsequent X-ray dif fraction analysis of the reaction center complex from the purple photosynthetic bacterium R hodopseudom onas viridis [5] has provided a detailed insight into the three-dim ensional structure of the bacterial reac tion center, which is functionally analogous to PS II.
2) It has been recognized that the 32-34 kDa PS II proteins D1 (the "herbicide-binding protein" ) and D 2 share amino acid homology with the L and M subunits from purple bacteria [5] [6] [7] . In particular, amino acid residues in the L and M subunits of bac teria that are required for binding electron transport carriers in the reaction center can be identified in corresponding positions in the D1 and D 2 proteins [4, 5, 7] . This has led to the suggestion that D1 and D 2 together form the binding environment for the PS II reaction center and acceptor side, as the L and M subunits do in bacterial reaction centers.
3) Very recently, Satoh and coworkers reported on the developm ent of detergent fractionation tech niques which allow the isolation of a very small but functionally active PS II particle which contains only D l , D 2 and Cyt b559 [8] . This is the first direct evi dence to indicate that D1 and D 2 are the proteins primarily involved in charge separation in PS II.
4) Molecular-genetic techniques have been devel oped for the specific modification of PS II proteins by either gene deletion or inactivation [9] [10] [11] [12] or by gene replacem ent with a copy carrying a site-directed m utation [13] . Characterization of the properties of the m utants obtained by gene inactivation or dele tion has led to the conclusion that all polypeptides of the PS II core complex investigated thus far (D 2, Cyt 6 5 5 9 , and the chlorophyll-binding proteins CP-47 and CP-43) must be coordinately synthesized in vivo to obtain a photosynthetically active PS II complex ( [11, 14] and W. F. J. Vermaas, J. G. K. Williams, H. B. Pakrasi, and C. J. A rntzen, unpublished re sults).
While the deletion or insertional inactivation of PS II genes was useful to show that these genes are essential to PS II function, little information was obtained on the function of the individual PS II pro teins encoded by these genes since in each case the PS II complex could not assemble normally. We con clude that modifications made in the PS II complex by the specific deletion of one protein changes the conform ation of the entire PS II complex. For this reason, experim ents were started to introduce m uta tions of a more subtle nature, namely single-aminoacid changes in regions of the PS II complex sus pected to have defined functional roles [13] . To this end, we m utated two histidine residues of the D 2 protein (his-197 and his-214), which can be predicted to be involved in binding of P680, and of Q A and Fe2+, respectively, on the basis of the analogy of M with D 2 [4, 5, 7] . In one m utant, his-197 was changed to a tyrosine residue, and in the other one his-214 was replaced by asparagine. In both cases, the m utations caused an inactivation of the PS II complex [13] . In this manuscript we describe the properties of the m utants with respect to the pres ence of chlorophyll-binding PS II proteins, herbicide binding, and low -tem perature fluorescence emission. It was found that these single-amino-acid mutations in the D 2 protein have a pronounced destabilizing effect on the PS II complex. The data presented here confirm the hypothesis that D 2 plays a central role in the structure and function of the PS II reaction center.
Materials and M ethods
Synechocystis 6803 was cultivated as previously de scribed [9] . The procedure to create the site-directed m utants has been outlined in [13] . The method of DN A sequencing was as in [9] , and low-temperature fluorescence emission experiments and immunoblotting were perform ed as described in [14] . The anti bodies raised against CP-47 and CP-43 of Chlamydom onas reinhardii [15] were a kind gift of Dr. N.-H. Chua.
Results
Synechocystis 6803 contains two p sb D genes, p s b D l and p s b D ll, which encode the D 2 polypep tide. The m utants described in this study have only the p s b D l gene; the /?s£>DII gene was deleted prior to the construction of the site-directed m utants [13] . As described [13] , m utation of histidine-197 to tyro sine, or of histidine-214 to asparagine, caused a loss of PS II function. To verify that this defect was due only to the site-directed m utation, and not to unin tended lesions, we first localized the m utation to a 0.5 kb fragment of the p s b D l gene by transforming each m utant with this fragm ent from the wild-type gene; in each case, recovery of wild-type transfor mants confirmed that the m utation is located on this fragment of the p s b D l gene, which encodes the his tidine residues at positions 197 and 214. To map pre cisely the m utation at position 214, the nucleotide se quence of the 0.5 kb fragment was com pared be tween the D N A from wild type and the m utant asn-214. Indeed, the only difference was found at the codon which determ ines the amino acid at position 214: histidine in the wild-type sequence and as paragine in the m utant (Fig. 1) .
The large advantage of the two mutants obtained by site-directed mutagenesis over those obtained by random mutagenesis is that the m utation sites of the tyr-197 and asn-214 m utants are precisely defined. In contrast to the wild type, the tyr-197 m utant did not show any significant emission maxima between 670 and 700 nm, which suggests that either the PS II fluorescence is entirely quenched, or that no chlorophyll is associated with the PS II complex.
The asn-214 m utant shows a blue-shifted fluores cence emission maximum near 681 nm , and no ap preciable maxima at 685 or 695 nm. This indicates that chlorophyll-protein interactions in PS II are dis turbed; however, these data alone do not allow con clusions on the nature of the mutation-induced decrease of the maximum of the "PS II-related" emission wavelengths.
H erbicide binding
To
Probing fo r CP-43 and CP-47
Since the protein composition of cyanobacterial thylakoid membranes is very complex, it is not yet technically feasible to obtain an unequivocal answer about the presence of PS II proteins by analysis of a stained protein gel. For this reason, antibodies raised against the PS II chlorophyll-binding proteins CP-43 wavelength in nm and CP-47 from Chlam ydom onas reinhardii [15] were utilized to probe for the presence of these pro teins in thylakoid mem branes from the mutants. U n fortunately, no antibodies against D1 or D 2 were available that, in our hands, showed sufficient specificity in recognizing these proteins from Synechocystis 6803. Fig. 3 shows that CP-43 is greatly depleted in both m utants. O verexposure of the protein blot for the asn-214 m utant is shown to indicate that we could detect a trace am ount of CP-43 in this m utant. Fig. 4 shows that CP-47 is almost totally absent from thy lakoids of the asn-214 mutant. However, CP-47 is present in thylakoids from the tyr-197 mutant.
We conclude that the two site-directed mutants differ from each other and from wild type in their ability to accum ulate chlorophyll-proteins of PS II. We do not wish to hypothesize about the nature of these differences in phenotype since it is still prem a ture to evaluate how altered integration or folding of a m utated protein might influence the incorporation and stability of its neighbors in a m em brane-protein complex. Clearly, however, this research approach offers a new tool to begin exploring these param eters.
Discussion
The results presented herein show that single amino acid changes at the 197 or 214 positions of the D 2 protein have pronounced effects on the structure and function of the PS II complex. However, it is as yet difficult to precisely explain these consequences other than to interpret the phenotypes of the individ ual mutants. This discussion follows.
The tyr-197 mutant
Replacem ent of his-197 by tyr leads to a loss of CP-43, but not of CP-47, and to a loss of herbicide binding and 77 K fluorescence emission maxima at tributable to PS II. A t a first glance, the presence of CP-47 and the absence of PS II fluorescence seems contradictory; previous studies have shown this purified pigment protein to fluoresce at 695 nm [16] . From the presence of this chlorophyll-binding PS II protein in the thylakoid m em brane, therefore, it would be expected that the fluorescence emission spectrum of the tyr-197 m utant would have some PS II features. The absence of PS II fluorescence emission in this m utant can be explained in at least four ways: (1) the fluorescence yield of PS II in the m utant is very low due to either structural or func tional changes in PS II, (2) CP-47 in the m utant does not bind chlorophyll, (3) the abnorm al m icroenvi ronm ent within CP-47 does not allow the creation of the unique pigment species responsible for wild-type 695 nm fluorescence, or (4) the CP-47 content of the m utant may be considerably less than that in the wild type since the results obtained with im m unoblotting techniques are not necessarily quantitative. As this m om ent no data are available to allow a choice be tween these explanations.
If there is analogy between the M -subunit from purple photosynthetic bacteria and the D 2 protein, his-197 of the latter would bind one of the chloro phylls of the "special pair" [4, 5, 7] . (It should be noted that the cyanobacterial D 2 amino acid se quence is one amino acid shorter than the D 2 protein sequence derived from sequencing the corresponding gene in spinach; his-197 is equivalent to his-198 of the spinach protein [17] ). Thus, the primary lesion in the tyr-197 m utant would be expected to be at the level of P680 binding, and there was no a priori reason to expect any other PS II abnormality. How ever, the total loss of PS II traits such as herbicidebinding and typical 77 K chi fluorescence suggests that his-197 has a crucial structural role in PS II which cannot be substituted by tyr-197. Although definitive proof is still lacking, the hypothesis that the his-197 residue of the D 2 protein binds a P680 chlorophyll is still fully compatible with the data presented, since the integration of the specialized reaction center chlorophyll may be necessary to stabilize the proteins surrounding it.
The asn-214 mutant
This m utant lacked CP-43 and CP-47, possibly due to a rapid turnover of these proteins. In this respect it resembles Chlam ydom onas mutants in which a faster rate of turnover of PS II proteins was observed in cell lines carrying a (randomly generated) mutation in the genes for either D1 or D 2 [18, 19] , or in un known loci of the nuclear or chloroplast genome [20] . Interestingly, the asn-214 phenotype differs from the tyr-197 m utant in this respect; in the latter CP-47 was still present. O ther examples of partially intact, but inactive PS II complexes include those from mutants in which the gene for either CP-47 or Cyt b 55g had been inactivated or deleted [11, 14] , Therefore, it appears that a change in, or the absence of, specific proteins of the PS II complex may lead to the partial loss of other proteins of the complex, but the extent of these depletions is variable. To date we do not have enough examples to form ulate rules gov erning stable PS II assembly. In fact, the examples presented herein show how unpredictable it seems w hether a mutation will cause loss of certain PS II complex components from the thylakoid m embrane or not: the change in his-197 of D 2 leads to a loss of CP-43 but not of CP-47, but the change in his-214 of D 2 causes the disappearance of both CP-43 and CP-47. Further results obtained by different site-directed changes at these and other residues, together with use of other techniques will be needed to gain a deeper insight into the structural requirem ents of the complex which determines the synthesis and assem bly of a stable PS II complex.
Thylakoids from the asn-214 m utant had a fluorescence emission peak which was blue-shifted from that of the wild-type PS II emission. This ap pears somewhat puzzling in that neither CP-43 or CP-47 accumulate in the thylakoid m em brane in this m utant. It is possible to explain these observations by at least two mechanisms: (1) the red-shifted fluorescence originates from another "PS II anten na" chlorophyll protein, or (2) the fluorescence origi nates from the traces of aberrant forms of CP-43 and CP-47 present in the membrane.
In favor of the first mechanism, Pakrasi et al. [21] have obtained evidence that there is a chlorophyllbinding protein (not identical to CP-43 or CP-47) associated with PS II in cyanobacteria, especially under stressed conditions. Absence of CP-43 and CP-47 could result in fluorescence of this "antenna" chlorophyll protein since energy transfer to the PS II trap and the antenna from CP-43 and CP-47 is not feasible under these conditions. H owever, if this were the case, then the data obtained with the tyr-197 m utant (as described above) have to be inter preted by a low fluorescence yield of CP-47 in the tyr-197 m utant. Otherwise in the tyr-197 mutant the blue-shifted fluorescence maximum would also have been expected to occur.
The second possible mechanism to explain the shifted fluorescence (as originating from the little CP-43 and CP-47 present in the m embrane) is plau sible only if it is assumed that the fluorescence yield of the residual (aberrant) CP-43 and CP-47 is signifi cantly higher than normal.
W hatever the reason for the 682 nm fluorescence maximum, it is obvious that replacement of his-214 by asn in the D 2 protein seriously impairs the func tion and organization of the PS II complex. This is not surprising in view of the hypothesis that D 2 and the bacterial M -subunit are analogous. This hypo thesis predicts his-214 to be involved in binding Q A, and to be acting as one of the ligands for the Fe2+ at the acceptor side of PS II. Accordingly, the apparent instability of the PS II complex could possibly be not only caused by the structural change of the amino acid replacem ent, but also by the inability to proper ly accomm odate Q A and/or Fe2+, which in turn could be required for stable PS II assembly.
Com parison o f PS II mutants created by directed mutagenesis
O ther Synechocystis 6803 mutants which have a defined genetic change have previously been ana lyzed. These include one in which the psbB gene (encoding CP-47) has been inactivated [9, 13] , and one in which the psbE /F genes (encoding Cyt b 559) have been deleted [11] . Although the genetic modifi cations for those m utants inactivated the expression of an entire gene, the phenotypic changes due to the site-directed mutations described herein appear to be equally damaging to the PS II complex. For exam ple, the p sb B gene-inactivation m utant still showed a normal 685 nm fluorescence emission peak and the presence of CP-43 in the thylakoid m em brane. This supports the hypothesis that the D 2 residues targeted for site-directed mutagenesis (his-197 and his-214) bind vital PS II cofactors (P680 and Q A, re spectively), and that the CP-47 and Cyt b559 proteins are more peripherally located in the PS II core, thereby being less essential for assembly of other proteins in the complex.
This manuscript has shown that generation of sitedirected m utants can help to test to validity of hypo theses, and to obtain more information on the possi ble function of individual proteins in the PS II com plex. Ultimately, these data, in conjunction with a detailed static model obtained from X-ray diffraction studies of crystals from the same or a related protein complex, will enable a further understanding of the processes taking place in PS II.
